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Quasielastic production of polarized hyperons in antineutrino–nucleon reactions
F. Akbar,1 M. Rafi Alam,1 M. Sajjad Athar,1, ∗ and S. K. Singh1
1Department of Physics, Aligarh Muslim University, Aligarh-202002, India
We have studied the differential cross section as well as the longitudinal and perpendicular compo-
nents of polarization of final hyperon(Λ,Σ) produced in the antineutrino induced quasielastic charged
current reactions on nucleon and nuclear targets. The nucleon-hyperon transition form factors are
determined from the experimental data on quasielastic (∆S = 0) charged current (anti)neutrino–
nucleon scattering and the semileptonic decay of neutron and hyperons assuming G–invariance,
T–invariance and SU(3) symmetry. The vector transition form factors are obtained in terms of nu-
cleon electromagnetic form factors for which various parameterizations available in literature have
been used. A dipole parameterization for the axial vector form factor and the pseudoscalar transition
form factor derived in terms of axial vector form factor assuming PCAC and GT relation extended
to strangeness sector have been used in numerical evaluations. The flux averaged cross section
and polarization observables corresponding to CERN Gargamelle experiment have been calculated
for quasielastic hyperon production and found to be in reasonable agreement with the experimental
observations. The numerical results for the flux averaged differential cross section dσ
dQ2
and longitudi-
nal(perpendicular) polarization PL(Q
2)(PP (Q
2)) relevant for the antineutrino fluxes of MINERνA,
MicroBooNE, and T2K experiments have been presented. This will be useful in interpreting future
experimental results on production cross sections and polarization observables from the experiments
on the quasielastic production of hyperons induced by antineutrinos and explore the possibility of
determining the axial vector and pseudoscalar form factors in the strangeness sector.
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∗ sajathar@gmail.com
2I. INTRODUCTION
Our knowledge of the transition form factors in the antineutrino induced quasielastic process of hyperon production
(|∆S| = 1) is far from satisfactory. Recently, with the development of high intensity (anti)neutrino beams in the few
GeV region, considerable interest has developed in understanding these weak transition form factors specially in the
axial vector sector. These form factors have been determined experimentally and theoretically using Cabibbo theory
assuming SU(3) symmetry and other symmetries of weak hadronic currents in the Standard Model. Most of these
form factors are determined from the analysis of semileptonic decay of hyperons and neutron which are limited to
very low momentum transfer. These form factors are found to be consistent with SU(3) symmetry which relates them
to the form factors in ∆S = 0 sector of (anti)neutrino–nucleon scattering and to the various couplings in semileptonic
hyperon decays. However, the status of G–invariance, conservation of vector current(CVC), partial conservation of
axial current(PCAC), etc. which seem to work quite well in the nucleon sector are not well understood when extended
to octet of baryons using SU(3) symmetry which is known to be an approximate symmetry. Even though, the vast
amount of data available on semileptonic decay of hyperons is consistent with the assumption of SU(3) symmetry,
the violation of G–invariance and SU(3) symmetry is not ruled out [1]. There is no unambiguous way to implement
SU(3) symmetry as far as CVC and PCAC are concerned but the prescriptions which have been used in literature to
implement the symmetry, seem to work well [1–3].
The charged current quasielastic production of hyperons by antineutrinos (charged current quasielastic production
induced by neutrinos is prohibited by ∆S = ∆Q rule while any neutral current production induced by ν and ν¯ is
prohibited by the absence of Flavor Changing Neutral Current(FCNC) in the Standard Model) is the most appropriate
place to study the nucleon-hyperon transition form factors which enables us to extend the study of form factors to
higher Q2 beyond the Q2 values accessible in semileptonic hyperon decays. There are some experimental studies
performed to determine these form factors from the cross section measurements done for these processes at CERN [4–
6], BNL [7], FNAL [8, 9] and Serpukhov [10] which are limited by low statistics. Theoretically, these reactions have been
studied for more than 50 years [11–21] but recently there has been renewed interest in studying these reactions [22–27]
due to the feasibility of doing experiments with the availability of high intensity antineutrino beams [28–33]. Most of
the theoretical calculations have been done only for the production cross section but there exist some calculations also
for the polarization of the produced hyperons [13–18]. There is only one experiment done at CERN which has reported
the results for the polarization observables for Λ hyperon produced in the quasielastic ν¯µp→ µ+Λ reaction [6].
Experimentally, there is now possibility to study the production cross section of hyperons and other strange par-
ticles as well as polarization of hyperons at present facilities at Fermilab [28] and J-PARC [29] where high intensity
beams of (anti)neutrino are available. The experiments planned with liquid argon TPC (LArTPC) detectors at Mi-
croBooNE [30], and ArgoNeuT [31], and the proposed DUNE [32] and LAr1-ND, ICARUS-T600 [34] experiments
at Fermilab will be able to see charged hadrons in coincidence, thus making it possible to measure polarization in
addition to the cross section measurements being done at MINERνA [33]. It is, therefore, most appropriate time
to theoretically perform the calculations for the polarization observables in addition to the differential cross sections
in the Standard Model using Cabibbo theory and/or quark models, using the present state of knowledge about the
symmetry of weak hadronic currents and the properties of transition form factors associated with the matrix element
between the hadronic states. Since these experiments are planned to be performed using nuclear targets, it is impor-
tant that we understand the implications of nuclear medium effects in the interpretation of the experimental results.
This will facilitate the analysis of experimental results when they become available. We propose to study theoretically
the production and polarization of hyperons produced in the following reactions:
ν¯µ + p −→ µ+ + Λ
ν¯µ + p −→ µ+ +Σ0
ν¯µ + n −→ µ+ +Σ−, (1)
on nucleons and nuclear targets using Cabibbo theory in the Standard Model with GIM mechanism for extension
to strangeness sector. We also assume the T–invariance and the absence of second class currents which forbid the
existence of hyperon polarization perpendicular to the reaction plane.
In section-II, we describe in brief the formalism for calculating the cross section and polarization of hyperons
produced in the quasielastic antineutrino reactions on free and bound nucleons. The effect of nuclear medium arising
due to Fermi motion and Pauli blocking of initial nucleon states are also considered. We have in this paper not taken
into account the final state interaction effect of outgoing polarized hyperons, the work for which is in progress and
will be reported elsewhere. In section-III, we present the results and discussion, and give summary and conclusions
in section-IV.
3ν¯µ(k)
µ+(k′)
N (p)
Y (p′)
W−(q = k − k′)
FIG. 1. Feynman diagram for the process ν¯µ(k) +N(p) → µ
+(k′) + Y (p′), where N and Y stand for initial nucleon and final
hyperon, respectively. The quantities in the bracket represent four momentum of the corresponding particles.
II. FORMALISM
A. Matrix element and transition form factors
The transition matrix element for the process
ν¯µ(k) +N(p)→ µ+(k′) + Y (p′), (N = p, n; Y = Λ, Σ)
depicted in Fig. 1, is written as
M = GF√
2
sin θc l
µ [u¯Y (p
′)JµuN(p)] . (2)
In the above expression GF is the Fermi coupling constant and θc is the Cabibbo angle. l
µ is the leptonic current
given by
lµ = u¯(k′)γµ(1 + γ5)u(k), (3)
and Jµ is the hadronic current operator given by
Jµ = Vµ − Aµ (4)
where
Vµ = γµf
NY
1 (Q
2) + iσµν
qν
mN +mY
fNY2 (Q
2) +
qµ
mN +mY
fNY3 (Q
2) (5)
and
Aµ = γµγ5g
NY
1 (Q
2) + iσµνγ5
qν
mN +mY
gNY2 (Q
2) +
qµ
mN +mY
gNY3 (Q
2)γ5. (6)
mN and mY are the masses of initial and final baryons, and qµ(= p
′
µ − pµ) is the four momentum transfer with
Q2 = −q2, Q2 ≥ 0. The six form factors fNYi (Q2) and gNYi (Q2) (i = 1 − 3) are determined using following
assumptions about the vector and axial vector currents in weak interactions:
(a) The assumptions of T–invariance, G–invariance and SU(3) symmetry have been used to determine all the form
factors fNYi (Q
2) and gNYi (Q
2) defined in Eqs. 5 and 6 respectively.
(b) For the determination of vector form factors we have assumed CVC which leads to fNY3 (Q
2) = 0. The re-
maining two vector form factors fNY1 (Q
2) and fNY2 (Q
2) are determined in terms of the electromagnetic form
factors of nucleon i.e. fN1 (Q
2) and fN2 (Q
2) and are tabulated in Table-I for different processes given in Eq. 1.
The electromagnetic form factors of nucleon i.e. fN1 (Q
2) and fN2 (Q
2) are in turn written in terms of Sach’s
electric(Gp,nE (Q
2)) and magnetic(Gp,nM (Q
2)) form factors. The details are given in Ref. [27].
There are various parameterizations for the vector form factors given in literature [35–42]. We use the param-
eterization given by Bradford et al. [35] known as BBBA05 in all the numerical calculations presented here
except in the case of ν¯µn→ µ+Σ−, where sensitivity of our results to the charge form factor of neutron GnE(Q2)
is discussed, and parameterizations of GnE(Q
2) due to Galster et al. [36, 37] and Kelly [38] have also been
considered.
4(c) In the axial vector sector, the form factor gNY2 (Q
2) vanishes due to G–invariance, T–invariance and SU(3) sym-
metry and the axial vector form factor gNY1 (Q
2) is given in terms of the axial form factor gA(Q
2) corresponding
to n → p transitions. x is a parameter which describes the ratio of symmetric and antisymmetric coupling in
the analysis of hyperon semileptonic decays(HSD) and is determined phenomenologically from the experimental
data [1]. For each reaction considered in this work(Eq. 1), the form factor gNY1 (Q
2) is given in Table-I. A dipole
parameterization for gA(Q
2) has been used with axial dipole mass MA i.e.
gA(Q
2) = gA(0)
(
1 +
Q2
M2A
)−2
, (7)
with gA(0) = 1.2723 determined from data on the β decay of neutron [43]. The numerical value of dipole mass
MA used in this work is discussed in section II(f) below.
(d) The pseudoscalar form factor gNY3 (Q
2) is obtained in terms of axial vector form factor gNY1 (Q
2) assuming PCAC
and Goldberger–Treiman (GT) relation extended to strangeness sector. We use expressions given by Marshak
et al. [17] and Nambu [44] where further details can be found. Explicitly, in our numerical calculations we use
the following expressions for the pseudoscalar form factor gNY3 (Q
2),
(i) Marshak et al. [17]:
gNY3 (Q
2) =
(mN +mY )
2
Q2
(
gNY1 (Q
2)(m2K +Q
2)−m2KgNY1 (0)
m2K +Q
2
)
, (8)
(ii) Nambu [44]:
gNY3 (Q
2) =
(mN +mY )
2
(m2K +Q
2)
gNY1 (Q
2), (9)
with mK being mass of kaon and g
NY
1 (Q
2) for different NY transitions is given in terms of gA(Q
2) defined in
Eq. 7.
(e) We see from Table-I that SU(3) symmetry predicts a simple relation between the vector and axial vector form
factors for reactions ν¯µp→ µ+Σ0 and ν¯µn→ µ+Σ−, which implies that
[
dσ
dQ2
]
ν¯µp→µ+Σ0
=
1
2
[
dσ
dQ2
]
ν¯µn→µ+Σ−
(10)
and
[PL,P ]ν¯µp→µ+Σ0 = [PL,P ]ν¯µn→µ+Σ− . (11)
It should be emphasized that these relations and other implications of SU(3) symmetry and G–invariance can
be tested in strangeness sector with the availability of precise data on weak hyperon production induced by
antineutrinos.
(f) The numerical value of axial dipole mass(MA) to be used in the calculations of neutrino–nucleus cross section
is a subject of intense discussion in the neutrino physics community and a wide range of MA has been recently
discussed in literature [45–47]. The old data available on (anti)neutrino scattering on hydrogen and deuterium
targets [48–50] reanalyzed by Bodek et al. [51] gives a value of MA = 1.014 ± 0.014 GeV, while a recent
analysis of the same data by Meyer et al. [52] gives a value in the range of 1.02–1.17 GeV depending upon
which data of ANL [48], BNL [49] and FNAL [50] experiments are considered. Sometimes back, all the world
data on quasielastic (anti)neutrino scattering from nuclear targets were analyzed by Bernard et al. [53] to yield
MA = 1.026± 0.021 GeV.
In recent years, high statistics data on quasielastic neutrino–nucleus scattering have been obtained and analyzed
from neutrino and antineutrino scattering on nuclear targets both at low and intermediate energies. The
data from NOMAD [54], MINERνA [33] favor a lower value of MA around 1.03 GeV, while the data from
MiniBooNE [55], MINOS [56], K2K [57], T2K [58] and SciBooNE [59, 60] favor a higher value of MA which
lies in the range of 1.2–1.35 GeV. It is argued that at lower energies corresponding to these experiments, the
(anti)neutrino quasielastic scattering from nuclear targets like 12C and 16O are substantially affected by the
5nuclear medium effects arising due to meson exchange currents(MEC), multinucleon correlations leading to
2p-2h and higher excitations in the nuclear medium. If these effects are adequately taken into account, the
low energy data can also be explained by the lower value of MA around 1.03 GeV [45–47]. Recently, an
analysis of the MiniBooNE [55] and MINERνA [33] data has been done by Wilkinson et al. [61] which concludes
that these two experimental results can be explained with the inclusion of nuclear medium effects using a
value of MA lying between 1.07–1.33 GeV. Furthermore, in a recent study Ankowski et al. [62], have analyzed
experimental data from accelerator neutrinos on neutrino induced reaction cross section on several nuclear
targets by considering a relativistic spectral function with 2p-2h effects and found that with MA ∼ 1.2 GeV,
the data on differential scattering cross section can be well explained. More recently the data on quasielastic
cross section from MiniBooNE and MINERνA have been analyzed by Stowell et al. [63] using NEUT and NuWro
CCQE+2p2h models and it has been inferred that MA ∼ 1.15 GeV can explain these experimental data.
Keeping in view this scenario regarding the numerical values of MA to be needed to explain the quasielastic
cross sections in ∆S = 0 (anti)neutrino–nucleus scattering, we have varied the value of MA between 1.026–1.2
GeV in this paper to study the |∆S| = 1 quasielastic antineutrino reactions on nuclear targets. A priori, there
is no reason to assume the same value of MA for antineutrino quasielastic reactions in ∆S = 0 and |∆S| = 1
sectors as argued by Gaillard and Sauvage [2] and supported by Cabibbo et al. [1]. However, this range of MA
also accommodates the suggestion of Gaillard and Sauvage [2] that the value of MA to be used in |∆S| = 1
quasielastic reactions should be rescaled upwards by a factor
m∗K
mρ
(m∗K andmρ be the masses ofK
∗ and ρ mesons)
over theMA used in ∆S = 0 reactions if effects of minimal SU(3) breaking are to be simulated by taking realistic
hyperons and other masses in the theory of HSD.
fNY1 (Q
2) fNY2 (Q
2) gNY1 (Q
2)
ν¯µp→ µ
+Λ −
√
3
2
f
p
1 (Q
2) −
√
3
2
f
p
2 (Q
2) − 1√
6
(1 + 2x)gA(Q
2)
ν¯µn→ µ
+Σ− −
[
f
p
1 (Q
2) + 2fn1 (Q
2)
]
−
[
f
p
2 (Q
2) + 2fn2 (Q
2)
]
(1− 2x)gA(Q
2)
ν¯µp→ µ
+Σ0 − 1√
2
[
f
p
1 (Q
2) + 2fn1 (Q
2)
]
− 1√
2
[
f
p
2 (Q
2) + 2fn2 (Q
2)
]
1√
2
(1− 2x)gA(Q
2)
TABLE I. Vector and axial vector from factors for ν¯µ(k) +N(p)→ µ
+(k′) + Y (p′) processes.
B. Cross section
The differential cross section corresponding to the processes given in Eq. 1 may be written as
dσ =
1
(2π)2
1
4Eν¯µmN
δ4(k + p− k′ − p′) d
3k′
2Ek′
d3p′
2Ep′
∑∑
|M|2, (12)
where M is the transition matrix element, square of which may be written in terms of hadronic and leptonic tensors
as
|M|2 = G
2
F sin
2 θc
2
J αβLαβ . (13)
The hadronic and leptonic tensors are given by
J αβ = Tr
[
Λ(p′)JαΛ(p)J˜β
]
Lαβ = Tr [γα(1 + γ5)k/γβ(1 + γ5)(k′/+mµ)] , (14)
with J˜β = γ
0J†βγ
0 and Λ(p) = p/+mN . Using the above definitions, the Q
2 distribution is written as
dσ
dQ2
=
G2F sin
2 θc
8πmNE2ν¯µ
N (Q2, Eν¯µ ), (15)
where the expression of N (Q2, Eν¯µ ) is given in the appendix.
When the reactions shown in Eq. 1 take place on nucleons which are bound in the nucleus, the neutrons and protons
are not free and their momenta pn,p(r) at r are constrained to satisfy the Pauli principle, i.e., pn,p(r) < pFn,p(r), where
6pFn(r) and pFp(r) are the local Fermi momenta of neutrons and protons at the interaction point in the nucleus and
are given by pFn(r) =
[
3π2ρn(r)
] 1
3 and pFp(r) =
[
3π2ρp(r)
] 1
3 , ρn(r) and ρp(r) are the neutron and proton nuclear
densities given by ρn(r) =
(A−Z)
A
ρ(r) and ρp(r) =
Z
A
ρ(r), ρ(r) is the nuclear density which is determined from
electron-nucleus scattering experiments.
The differential scattering cross section for the scattering of antineutrinos from nucleons in the nucleus is then given
as
[
d2σ
dEldΩl
]
ν¯µA
= 2
∫ rmax
rmin
d3r
∫ pFN (r)
0
d3p
(2π)
3nN (p, r)
[
d2σ
dEldΩl
]
ν¯µN
(16)
where nN (p, r) is local occupation number of the initial nucleon of momentum p at a radius r in the nucleus, which
is 1 for p < pFN (r) and 0 otherwise, and nN (p, r) is related to the density as:
ρ =
N
V
= 2
∫
d3p
(2π)3
nN(p, r). (17)
In the next section, we discuss briefly the construction of polarization vector for the final hyperon.
C. Polarization of hyperons
Using the covariant density matrix formalism, polarization 4-vector(ξτ) of the final hyperon produced in reaction (2)
is written as [64]:
ξτ =
Tr[γτγ5 ρf (p
′)]
Tr[ρf (p′)]
, (18)
where the final spin density matrix ρf (p
′) is given by
ρf (p
′) = LαβΛ(p′)JαΛ(p)J˜βΛ(p′). (19)
Using the following relations [65, 66]
Λ(p′)γτγ5Λ(p
′) = 2mY
(
gτσ − p
′τp′σ
m2Y
)
Λ(p′)γσγ5 (20)
and
Λ(p′)Λ(p′) = 2mYΛ(p
′), (21)
ξτ defined in Eq. 18 may be rewritten as:
ξτ =
(
gτσ − p
′τp′σ
m2Y
) LαβTr [γσγ5Λ(p′)JαΛ(p)J˜β
]
LαβTr
[
Λ(p′)JαΛ(p)J˜β
] . (22)
Note that in Eq. 22, ξτ is manifestly orthogonal to p′τ i.e. p′ · ξ = 0. Moreover, the denominator is directly related
to the differential cross section given in Eq. 15.
With J αβ and Lαβ given in Eq. 14, an expression for ξτ is obtained. In the lab frame where the initial nucleon is
at rest, the polarization vector ~ξ is calculated to be
dσ
dQ2
~ξ =
G2F sin
2 θc
8π mNmYE2ν¯µ
[
(~k + ~k′)mYA(Q2, Eν¯µ ) + (~k − ~k′)B(Q2, Eν¯µ )
]
, (23)
where the expressions of A(Q2, Eν¯µ ) and B(Q2, Eν¯µ ) are given in the appendix.
From Eq. 23, it follows that the polarization lies in scattering plane defined by ~k and ~k′, and there is no component
of polarization in a direction orthogonal to the scattering plane. This is a consequence of T–invariance which makes
the transverse polarization in a direction perpendicular to the reaction plane to vanish [16, 18]. We now expand the
7polarization vector ~ξ along two orthogonal directions, ~eL and ~eP in the reaction plane corresponding to parallel and
perpendicular directions to the momentum of hyperon1 i.e.
~eL =
~p′
|~p′| =
~q
|~q| , ~eP = ~eL × ~eT , ~eT =
~k × ~k′
|~k × ~k′| , (24)
and write
~ξ = ξP~eP + ξL~eL, (25)
such that the longitudinal and perpendicular components of polarization vector(~ξ) in the lab frame are given by
ξL(Q
2) = ~ξ · ~eL, ξP (Q2) = ~ξ · ~eP . (26)
From Eq. 26, the longitudinal and perpendicular components of polarization vector PL(Q
2) and PP (Q
2) defined in
the rest frame of recoil nucleon are given by [65]:
PL(Q
2) =
mY
Ep′
ξL(Q
2), PP (Q
2) = ξP (Q
2), (27)
where mY
Ep′
is the Lorentz boost factor along ~p′. With the help of Eqs. 23, 24, 26 and 27, the longitudinal component
PL(Q
2) is calculated to be
dσ
dQ2
PL(Q
2) =
G2F sin
2 θc
8π|~q|Ep′mN E2ν¯µ
[(
E2ν¯µ − E2µ +m2µ
)
mYA(Q2, Eν¯µ ) + |~q|2B(Q2, Eν¯µ )
]
, (28)
where in the lab frame Ep′ =
√|~q2|+m2Y . Similarly, the perpendicular component PP (Q2) of the polarization
3-vector is given as
dσ
dQ2
PP (Q
2) = −G
2
F sin
2 θc
4π
|~k′|
|~q|
A(Q2, Eν¯µ ) sin θ
mNEν¯µ
, (29)
where θ is the scattering angle in the lab frame.
Inside the nucleus, target nucleon is not at rest but moves with Fermi momentum, i.e. ~p 6= 0. Because of this the
polarization components of the final hyperon get modified to:
[
PL,P (Q
2)
]
ν¯µA
= 2
∫
d3r
∫
d3p
(2π)3
nN(p, r)
[
PL,P (Q
2, ~p)
]
ν¯µN
, (30)
with longitudinal component:
PL(Q
2, ~p) =
mY
Ep′
G2F sin
2 θc
2
1
|M|2
1
|~p+ ~q|
[
α(Q2, ~p)
(
~k · ~p+ E2ν¯µ − ~k · ~k′
)
+ β(Q2, ~p)
(
~k′ · ~p+ ~k · ~k′ − |~k′|2
)
+ η(Q2, ~p)
(|~p|2 + ~p · ~q)] , (31)
and perpendicular component,
PP (Q
2, ~p) =
G2F sin
2 θc
2
1
|M|2
1
|~p+ ~q||~k||~k′| sin θ
[(
~k′ · ~p+ ~k · ~k′ − |~k′|2
)
{α(Q2, ~p)E2ν¯µ + β(Q2, ~p)~k · ~k′
+ η(Q2, ~p)~k · ~p} −
(
~k · ~p+ E2ν¯µ − ~k · ~k′
)
{α(Q2, ~p)~k · ~k′ + β(Q2, ~p)|~k′|2 + η(Q2, ~p)~k′ · ~p}
]
. (32)
The expressions of α(Q2, ~p), β(Q2, ~p) and η(Q2, ~p) are given in the appendix.
1 It should be noted that our ~eP is defined as in Bilenky and Christova [65] and is opposite to the sign used by Erriquez et al. [4].
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III. RESULTS AND DISCUSSION
A. Differential cross section dσ
dQ2
and polarization components PL(Q
2) and PP (Q
2) for nucleon target
We have used Eqs. 15, 28 and 29 to numerically evaluate the differential cross section dσ
dQ2
, and longitudinal PL(Q
2)
and perpendicular PP (Q
2) components of the polarization of hyperons in the quasielastic antineutrino reactions given
in Eq. 1. For the vector and axial vector form factors we have used the expressions of fNYi (Q
2)(i = 1, 2) and gNY1 (Q
2)
given in Table-I along with the pseudoscalar form factor gNY3 (Q
2) given in Eqs. 8 and 9. The Q2 dependence of the
nucleon form factors fp,n1,2 is taken from the parameterization of BBBA05 [35]. A dipole parameterization for the axial
vector form factor gA(Q
2) given in Eq. 7 has been used for gNY1,3 (Q
2) with gA(0) = 1.2723 [43], x = 0.364 [1] and axial
dipole mass MA = 1.026 GeV, 1.1 GeV and 1.2 GeV as mentioned in each figure.
In Fig. 2, we present the results of dσ
dQ2
, PL(Q
2) and PP (Q
2) for the reaction ν¯µp → µ+Λ at Eν¯µ = 1 GeV
and in Fig. 3 at Eν¯µ = 3 GeV. We see that while there is very little sensitivity of
dσ
dQ2
to the variation of MA,
the components of polarization PL(Q
2) and PP (Q
2) are quite sensitive to the value of MA specially in the region
Q2 > 0.4 GeV2. It should, therefore, be possible to independently determine the value of MA from the polarization
measurements. However, the present available data on the total cross section for the single hyperon production are
consistent with MA = 1.026 GeV [27]. At higher values of Q
2, the sensitivity of PL(Q
2) and PP (Q
2) to MA increases,
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2) vs Q2 for the process ν¯µn→ µ
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1 (Q
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Lines and points have the same meaning as in Fig. 2.
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but quantitatively, the cross section dσ
dQ2
decreases, making the number of events quite small and the measurement
of polarization observables becomes difficult. We have also studied the sensitivity of our results for dσ
dQ2
, PL(Q
2)
and PP (Q
2) to various other parameterizations of Q2 dependence of the nucleon form factors fp,n1,2 (Q
2) available in
literature [35–42]. It is found that at Eν¯µ = 1 GeV, the results for
dσ
dQ2
, PL(Q
2) and PP (Q
2) are not very sensitive
to the choice of other parameterizations of vector form factors in the case of ν¯µp→ µ+Λ and are not shown in these
figures.
In Figs. 4 and 5, we present the results of dσ
dQ2
, PL(Q
2) and PP (Q
2) for the reaction ν¯µn→ µ+Σ− at Eν¯µ = 1 GeV
and Eν¯µ = 3 GeV, respectively. The results for
dσ
dQ2
, PL(Q
2) and PP (Q
2) are qualitatively similar to ν¯µp→ µ+Λ as
far as the sensitivity to MA is concerned. However, the differential cross sections
dσ
dQ2
are smaller and the components
of the hyperon polarization are of the same order as in reaction ν¯µp → µ+Λ but slightly higher in magnitude. We
have chosen to show the results for ν¯µn → µ+Σ− as the cross section for this process is larger by a factor of 2 as
compared to ν¯µp→ µ+Σ0. While there is very little sensitivity of dσdQ2 , PL(Q2) and PP (Q2) to the vector form factors
in the case of ν¯µp→ µ+Λ, this is not the case for ν¯µn→ µ+Σ−. In the case of ν¯µn→ µ+Σ− process, the results for
differential cross section dσ
dQ2
and polarization components PL(Q
2) and PP (Q
2) are found to be sensitive to the vector
form factors specially to the neutron form factors fn1,2(Q
2) occurring in the expressions of fnΣ
−
1,2 (see Table-I). This
arises mainly due to the presence of charge form factor of neutron GnE(Q
2) in the definition of fn1,2(Q
2). We have,
therefore, studied the sensitivity of our results to various parameterizations of charge form factor of neutron available
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FIG. 6. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 at Eν¯µ= 1 GeV for ν¯µn → µ
+Σ− process. The results are presented with the
nucleon form factors using BBBA05 [35](solid line), Galster et al. [36](dashed-dotted line), modified form of GnE(Q
2) in Galster
parameterization [37](dashed line) and modified form of GnE(Q
2) in Kelly parameterization [38](double dashed-dotted line).
in literature. Some of the different parameterizations for GnE(Q
2) being used recently in the literature are [35–38]:
• Bradford et al.(BBBA05) [35]:
GnE(Q
2) =
a1τ + a2τ
2
1 + b1τ + b2τ2 + b3τ3
, (33)
with a1=1.25, a2=1.30, b1= -9.86, b2= 305.0 and b3=7.54.
• Galster et al. [36]:
GnE(Q
2) = − µnτ
1 + 5.6τ
GD(Q
2), (34)
with µn=−1.913, τ = Q
2
4m2
N
, GD(Q
2) =
(
1 + Q
2
M2
V
)−2
; MV = 0.84GeV.
• Modified form of GnE(Q2) in Galster et al. parameterization [37]:
GnE(Q
2) = − aµnτ
1 + bτ
GD(Q
2), (35)
with a=1.51 and b=8.4.
• Modified form of GnE(Q2) in Kelly parameterization [38]:
GnE(Q
2) =
GnM (Q
2)
µn
a1τ
1 + a2
√
τ + a3τ
, (36)
with a1=2.6316, a2=4.118 and a3=0.29516.
We show in Figs. 6 (Eν¯µ = 1 GeV) and 7 (Eν¯µ = 3 GeV), the dependence of
dσ
dQ2
, PL(Q
2) and PP (Q
2) on the
different parameterization of GnE(Q
2). It is seen that the polarization observables are quite sensitive to the neutron
charge form factor in ν¯µn→ µ+Σ− specially at Eν¯µ = 3 GeV and it should be possible to determine, in principle, the
charge form factor of neutron from the observation of PL(Q
2) and PP (Q
2) using this process.
We have made an attempt to explore the possibility of determining the pseudoscalar form factor gNY3 (Q
2) in
|∆S| = 1 sector by including two models for gNY3 (Q2) based on PCAC and the corresponding Goldberger–Treiman
relation in the strangeness sector using the parameterizations given in Eqs. 8(Marshak et al. [17]) and 9(Nambu [44]).
In Figs. 8 and 9, we show the effect of gNY3 (Q
2) on dσ
dQ2
, PL(Q
2) and PP (Q
2) calculated for the processes ν¯µp→ µ+Λ
and ν¯µn → µ+Σ−, respectively, at Eν¯µ=1 GeV. We see from Figs. 8 and 9 that at Eν¯µ = 1 GeV, sensitivity of
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dQ2
, PL(Q
2) and PP (Q
2) vs Q2 (MA = 1.026 GeV) for the process ν¯µp → µ
+Λ at Eν¯µ = 1 GeV using
f
pΛ
1 (Q
2), fpΛ2 (Q
2), gpΛ1 (Q
2) from Table-I and BBBA05 [35] parameterization for the nucleon form factors, with mµ = 0
and gpΛ3 = 0(solid line), mµ 6= 0 and g
pΛ
3 6= 0 from Marshak et al. [17] given in Eq. 8(dashed line) and mµ 6= 0 and g
pΛ
3 6= 0
from Nambu [44] given in Eq. 9(dotted line).
the cross section dσ
dQ2
, or the polarization observables PL(Q
2) and PP (Q
2) to the pseudoscalar form factor, gNY3 (Q
2)
is quite small. However, at smaller antineutrino energies like Eν¯µ=0.5 GeV, the polarization components PL(Q
2)
and PP (Q
2) are quite sensitive to the value of the pseudoscalar form factor as shown in Figs. 10 and 11. It seems,
therefore, possible in principle, to determine the pseudoscalar form factor in the hyperon polarization measurements
at lower energies relevant for the MicroBooNE [30] and T2K [58] flux of antineutrinos.
B. Differential cross section dσ
dQ2
and polarization components PL(Q
2) and PP (Q
2) for nuclear target
In Figs. 12, 13, 14 and 15, we present the results in nuclei for differential cross section dσ
dQ2
, longitudinal (PL(Q
2))
and perpendicular (PP (Q
2)) components of Λ and Σ polarization at Eν¯µ = 1 and 3 GeV for various nuclei like
12C,
40Ar, 56Fe, and 208Pb using Eqs. 16, 31 and 32. The results are compared with the results for the free nucleon case.
We find that at Eν¯µ = 1 GeV, the differential cross section
dσ
dQ2
hardly changes with the inclusion of nuclear medium
effects. This is in contrast to the quasielastic reaction νl(ν¯l) + n(p) → l−(l+) + p(n). This is due to the lack of
any Pauli blocking of the momentum of the final hyperon which has its own Fermi sea. The polarization observables
PL(Q
2) and PP (Q
2) show some dependence on nuclear medium effects. The nature of this dependence is different for
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FIG. 9. dσ
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2) and PP (Q
2) vs Q2 at Eν¯µ= 1 GeV for ν¯µn → µ
+Σ− process. Lines and points have the same meaning
as in Fig. 8.
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2) and PP (Q
2) vs Q2 for the process ν¯µp → µ
+Λ at Eν¯µ = 0.5 GeV. Lines and points have the same
meaning as in Fig. 8.
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2) vs Q2 for the process ν¯µn → µ
+Σ− at Eν¯µ = 0.5 GeV. Lines and points have the same
meaning as in Fig. 8.
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FIG. 12. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µp→ µ
+Λ at Eν¯µ = 1 GeV for free nucleon(solid line) and different
nuclei per interacting particle viz. 12C(dashed-double dotted), 40Ar(dashed line), 56Fe(dotted line) and 208Pb(dashed-dotted
line) with mµ 6= 0, MA= 1.026 GeV. We have used f
pΛ
1 (Q
2), fpΛ2 (Q
2) and gpΛ1 (Q
2) from Table I and BBBA05 parameterization
for nucleon form factors.
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FIG. 13. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µp → µ
+Λ at Eν¯µ = 3 GeV. Lines and points have the same
meaning as Fig. 12.
PL(Q
2) and PP (Q
2) as well as it is different for Λ and Σ hyperons. For example, in the case of ν¯µp→ µ+Λ, the result
for PL(Q
2) at low Q2 is hardly affected by nuclear medium effects, however, with the increase in Q2 the effect of
nuclear medium increases. The effect becomes maximum for Q2 ∼ 0.5 GeV2 and then decreases with further increase
in Q2. While in the case of PP (Q
2) the effect is smaller as compared to PL(Q
2) i.e. almost negligible for Q2 < 0.4
GeV2 and a slight increase for Q2 > 0.4 GeV2.
For ν¯µn→ µ+Σ−, the difference in the results obtained for nucleon and nuclear targets increases with the increase in
Q2, both for PL(Q
2) and PP (Q
2). Furthermore, we find that there is very little nuclear mass number(A) dependence
of nuclear medium effects. Moreover, the nuclear effect becomes smaller with the increase in antineutrino energy.
C. Flux averaged differential cross section and polarization components
Currently, there are some neutrino experiments which are making measurements on neutrino–nucleus cross sec-
tions [31, 33, 58]. The LArTPC detector proposed for MicroBooNE [30], ArgoNeut [31], LAr1-ND, ICARUS-T600 [34]
and DUNE [32] may be able to measure the tracks corresponding to nucleon and pion coming from Λ decay. A mea-
surement of the asymmetry in the angular distribution of pions will give information about the hyperon (Λ,Σ−)
polarization. For the purpose of analyzing these experiments, we have convoluted dσ
dQ2
and PL,P (Q
2) distributions
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FIG. 14. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µn → µ
+Σ− at Eν¯µ = 1 GeV. Lines and points have the same
meaning as Fig. 12.
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FIG. 15. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µn → µ
+Σ− at Eν¯µ = 3 GeV . Lines and points have the same
meaning as Fig. 12.
over the flux Φ(Eν¯µ ) available for different experiments using the expression given by,
〈F (Q2)〉 =
∫ Emax
Eth
F (Q2, Eν¯µ )Φ(Eν¯µ )dEν¯µ∫ Emax
Emin
Φ(Eν¯µ )dEν¯µ
, (37)
where the function F (Q2, Eν¯µ ) represents
dσ
dQ2
(Q2, Eν¯µ ), PL(Q
2, Eν¯µ ) and PP (Q
2, Eν¯µ ) given in Eqs. 16, 31 and 32
respectively. Eth, Emin, Emax are the threshold energy and the minimum and maximum energies of the antineutrino
fluxes corresponding to these experiments. In Figs. 16 and 17, we have shown the flux averaged 〈 dσ
dQ2
〉, 〈PL(Q2)〉
and 〈PP (Q2)〉 for reactions ν¯µp → µ+Λ and ν¯µn → µ+Σ−, respectively, corresponding to the MicroBooNE [30]
antineutrino experiment in 40Ar using MA=1.026 GeV and g
NY
3 (Q
2) 6= 0.
We have also shown in Figs. 18 and 19, the flux averaged results of 〈 dσ
dQ2
〉, 〈PL(Q2)〉 and 〈PP (Q2)〉 for reactions
ν¯µp → µ+Λ and ν¯µn → µ+Σ− respectively, for 12C target corresponding to the T2K [58] antineutrino spectrum.
Similar results are presented for these reactions corresponding to MINERνA [33] experiment in 208Pb target for the
antineutrino beam with average energy of 3.6 GeV in Figs. 20 and 21. It may be observed from these figures that
polarization measurements on ν¯µp→ µ+Λ and ν¯µn→ µ+Σ− in all these experiments will enable us to independently
determine the value of axial vector form factor in the strangeness sector.
Moreover, at lower ν¯µ energies relevant to MicroBooNE [30] and T2K [58] experiments, it is also possible to
determine the pseudoscalar from factors and test the hypothesis of PCAC in the strangeness sector.
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FIG. 16. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µp → µ
+Λ(40Ar target) averaged over the MicroBooNE [30]
spectrum, using fpΛ1 (Q
2), fpΛ2 (Q
2), gpΛ1 (Q
2) from Table-I and the BBBA05 parameterization [35] for the nucleon form factors
with mµ = 0 and MA = 1.026 GeV(dashed line), and mµ 6= 0, MA = 1.026 GeV with g
pΛ
3 (Q
2) from Marshak et al. [17](solid
line).
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FIG. 17. dσ
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, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µn→ µ
+Σ−(40Ar target) averaged over MicroBooNE [30] spectrum.
Lines and points have the same meaning as in Fig. 16.
D. Energy dependence of total cross section and average polarizations
We have calculated the total cross section σ(Eν¯µ ) as a function of energy, given as:
σ(Eν¯µ ) =
∫ Q2max
Q2
min
dσ
dQ2
(Q2, Eν¯µ )dQ
2 (38)
for ν¯µp → µ+Λ and ν¯µp → µ+Σ0 reactions. We show the results for σ(Eν¯µ ) in Fig. 22, where a comparison is made
with available experimental results from CERN [4–6], BNL [7], FNAL [8, 9] and Serpukhov [10] experiments. A
reasonable agreement with the experimental results can be seen. We also show in Fig. 23, the energy dependence of
averaged polarization components PL(Eν¯µ ) and PP (Eν¯µ ) for completeness which are defined as [67]:
〈PL,P (Eν¯µ )〉 =
∫ Q2max
Q2
min
PL,P (Q
2, Eν¯µ )
dσ
dQ2
dQ2∫ Q2max
Q2
min
dσ
dQ2
dQ2
, (39)
for the processes ν¯µp → µ+Λ and ν¯µn → µ+Σ−. It may be observed from Fig. 23 that for the process ν¯µp → µ+Λ,
the polarization components PL(Eν¯µ ) and PP (Eν¯µ ) decrease with the increase in energy while for the process ν¯µn→
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FIG. 18. dσ
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, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µp → µ
+Λ(12C target) averaged over T2K [58] spectrum, using
f
pΛ
1 (Q
2), fpΛ2 (Q
2), gpΛ1 (Q
2) from Table-I and the BBBA05 parameterization [35] for the nucleon form factors with mµ = 0 and
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3 (Q
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from Marshak et al. [17](solid line).
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2) vs Q2 for the process ν¯µn → µ
+Σ−(12C target) averaged over T2K [58] spectrum. Lines
and points have the same meaning as in Fig. 18.
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FIG. 20. dσ
dQ2
, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µp→ µ
+Λ(208Pb target) averaged over MINERνA [33] spectrum.
Lines and points have the same meaning as in Fig. 18.
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, PL(Q
2) and PP (Q
2) vs Q2 for the process ν¯µn→ µ
+Σ−(208Pb target) averaged over MINERνA [33] spectrum.
Lines and points have the same meaning as in Fig. 18.
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FIG. 22. Theoretical curves for total cross section(σ) vs Eν¯µ corresponding to the processes ν¯µp → µ
+Λ(solid line) in the
left panel and ν¯µp → µ
+Σ0(dashed line) in the right panel using fNY1 (Q
2), fNY2 (Q
2), gNY1 (Q
2) from Table-I, gNY3 (Q
2) from
Marshak et al. [17] given in Eq. 8 with MA = 1.026 GeV. Experimental results for the process ν¯µp→ µ
+Λ (triangle right [5],
triangle up [4], square [6], triangle down(σ = 2.6+5.9−2.1×10
−40cm2) [7], circle [10]) and for the process ν¯µp→ µ
+Σ0 (diamond [4])
are shown with error bars.
µ+Σ−, these polarization components increase with the energy initially and then become almost constant.
E. Total cross section and polarizations
We have integrated the differential cross section dσ
dQ2
and polarization observables PL(Q
2) and PP (Q
2) over Eν¯µ
and Q2 distributions to obtain the total cross section 〈σ〉 defined as:
〈σ〉 =
∫ Emax
Eth
∫ Q2max
Q2
min
dσ
dQ2
dQ2Φ(Eν¯µ )dEν¯µ∫ Emax
Emin
Φ(Eν¯µ )dEν¯µ
(40)
and components of hyperon polarization 〈PL,P 〉 defined as:
〈PL,P 〉 = 1〈σ〉
∫ Emax
Eth
∫ Q2max
Q2
min
PL,P (Q
2, Eν¯µ )
dσ
dQ2
dQ2Φ(Eν¯µ )dEν¯µ . (41)
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FIG. 23. Polarization components PL(Eν¯µ ) and PP (Eν¯µ ) vs Eν¯µ using Eq. 39 for the processes ν¯µp → µ
+Λ(solid line) and
ν¯µn→ µ
+Σ−(dashed line) using fNY1 (Q
2), fNY2 (Q
2), gNY1 (Q
2) from Table-I and gNY3 (Q
2) from Marshak et al. [17] with MA
= 1.026 GeV.
〈PL〉 〈PP 〉
a 〈σ〉 × (10−40 cm2)
Experiments
Erriquez et al. [6] -0.06± 0.44 1.05 ± 0.30 2.07 ± 0.75
Erriquez et al. [4] – – 1.40 ± 0.41(Propane)
Eichten et al. [5] – – 1.3 ±0.90.7(Freon)
Theory
Present work(MA = 0.84 GeV) 0.10 –0.75 2.00
(MA = 1.026 GeV) 0.05 –0.85 2.15
(MA = 1.2 GeV) 0.03 –0.89 2.31
Erriquez et al. [6](MA = 0.84 GeV) 0.14 0.73 2.07
a One may note that, for present work we have considered the sign convention for perpendicular polarization which is opposite to that of
used by Erriquez et al. [6].
TABLE II. Flux averaged cross section 〈σ〉(using Eq. 40), longitudinal 〈PL〉 and perpendicular 〈PP 〉 components of polariza-
tion(using Eq. 41) are given for the process ν¯µp→ µ
+Λ.
In order to compare with the experimental results of CERN experiment [6], we have performed the numerical cal-
culations for the flux averaged cross section 〈σ〉, longitudinal 〈PL〉 and perpendicular 〈PP 〉 polarization components
relevant for the antineutrino flux of SPS antineutrino beam of Gargamelle experiment at CERN [68] and present our
results in Table-II. The results are compared with the available experimental results from CERN [4–6] experiment
and the theoretical results quoted by Erriquez et al. [6]. For reference we also show in Table-III, our results for 〈σ〉,
〈PL〉 and 〈PP 〉 relevant for MicroBooNE [30], MINERνA [33] and T2K [58] experiments, which may be useful in the
interpretation of the results from these experiments, whenever they become available.
Spectrum < σ > ×10−40 cm2 < PL > < PP >
Σ− Λ Σ− Λ Σ− Λ
MicroBooNE [30] 0.31 0.76 –0.43 0.39 0.37 –0.78
MINERνA [33] 1.17 2.5 –0.42 –0.03 0.43 –0.85
T2K [58] 0.27 0.74 –0.44 0.43 0.37 –0.75
TABLE III. Total cross section using Eq. 40, longitudinal and perpendicular components of polarization using Eq. 41 are
integrated over various fluxes for ν¯µ(k) + N(p) → µ
+(k′) + Y (p′) process using fNY1 (Q
2), fNY2 (Q
2), gNY1 (Q
2) from Table-I
and gNY3 (Q
2) from Eq. 8 with mµ 6= 0 and MA = 1.026 GeV.
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IV. SUMMARY AND CONCLUSIONS
We have in this work studied the differential cross section dσ
dQ2
as well as longitudinal(PL(Q
2)) and perpendicular
(PP (Q
2)) components of polarization of Λ and Σ hyperons produced in the quasielastic reactions of antineutrinos
on free and bound nucleons. The effect of nuclear medium arising due to Fermi motion and Pauli blocking for
initial nucleon have been included. The transition form factors for the nucleon-hyperon transition have been obtained
using Cabibbo theory assuming SU(3) invariance and the absence of second class currents. The sensitivity of Q2
dependence on dσ
dQ2
, PL(Q
2) and PP (Q
2) due to the variation in MA has been studied. The possibility of determining
the pseudoscalar form factor in |∆S| = 1 sector has also been explored. The theoretical results have been compared
with the available experimental results on the energy dependence of the total cross sections from CERN [4–6] and
other experiments performed at BNL [7], FNAL [8, 9] and Serpukhov [10]. A comparison of our theoretical results with
the experimental results on the flux averaged total cross section and averaged polarization components for CERN [6]
experiment has also been made. Predictions for the flux averaged cross section and polarization components have
been made for the future experiments being done on nuclear targets with antineutrino beams at MicroBooNE [30],
MINERνA [33] and T2K [58].
To summarize our results we find that:
1. The theoretical results for the total cross section as a function of energy i.e. σ(Eν¯µ ) is found to be in satisfactory
agreement with the earlier experimental results available from CERN, BNL and Serpukhov laboratories with
an axial mass of MA = 1.026 GeV, the world average value obtained from ∆S = 0 experiments.
2. The longitudinal and perpendicular components of polarization PL(Q
2) and PP (Q
2) are sensitive to the value
of axial dipole mass MA. Therefore, it is possible to determine the value of MA independent of the cross section
measurements for the single hyperon production.
3. The Q2 dependence of the cross section dσ
dQ2
and polarization components PL,P (Q
2) are found to be sensitive to
the neutron charge form factor in the case of ν¯µn→ µ+Σ− process, specially for Q2 > 0.2 GeV2.
4. At lower antineutrino energies Eν¯µ ∼ 0.5 GeV, the differential cross section dσdQ2 and the polarization components
PL,P (Q
2) are sensitive to the value of pseudoscalar form factor. It should be possible to test PCAC and GT
relation in the strangeness sector, from the quasielastic production of hyperons at lower energies relevant to
MicroBooNE and T2K experiments. At antineutrino energies Eν¯µ ≥ 1 GeV, the differential cross section dσdQ2
and the polarization components are not found to be sensitive to the pseudoscalar form factor.
5. The effect of nuclear medium on dσ
dQ2
, PL(Q
2) and PP (Q
2) arising due to Fermi motion and Pauli blocking of
initial nucleon are studied quantitatively. They are found to be quite small and negligible for dσ
dQ2
. However, these
effects are found to be non-negligible but small for PL(Q
2) and PP (Q
2) and show no appreciable dependence
on the nucleon number A.
It should be emphasized that we have assumed in our present work the absence of second class currents. If such
currents are present, the results are expected to get modified. Moreover, the presence of second class currents
will also give rise to T–violating effects in quasielastic hyperon production induced by antineutrinos. This work
is in progress and will be reported in future.
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V. APPENDIX
The expressions for N (Q2, Eν¯µ ), A(Q2, Eν¯µ ) and B(Q2, Eν¯µ ) are given as:
N (Q2, Eν¯µ ) = f21 (2Eν¯µ (~k · ~k′ + 2mNEµ −m2µ)− 2~k · ~k′(mY + Eµ)) +
f22
(mN +mY )2
(4(~k · ~k′)2(mY + Eµ − Eν¯µ ) + ~k · ~k′(mN (4(E2µ + E2ν¯µ )−m2µ)−
3m2µ(mY + Eµ − Eν¯µ ))− 4mNm2µE2ν¯µ )+
g21(2(
~k · ~k′(mY − Eµ + Eν¯µ )− Eν¯µ (m2µ − 2mNEµ)))+
g23((
~k · ~k′)2m2µ(mN −mY − Eµ + Eν¯µ ))+
f1f2
mN +mY
(8(~k · ~k′)2 + ~k · ~k′(4(mN −mY )(Eµ − Eν¯µ )− 6m2µ)+
2m2µEν¯µ (mN −mY ))+
f1g1(−4(~k · ~k′(Eµ + Eν¯µ )−m2µEν¯µ ))+
f2g1
mN +mY
(−4(mN +mY )(~k · ~k′(Eµ + Eν¯µ )−m2µEν¯µ ))+
g1g3(−2m2µ(~k · ~k′ + Eν¯µ (mY −mN))) (42)
A(Q2, Eν¯µ ) = f21 (−2~k · ~k′ − (mN −mY )(Eµ − Eν¯µ ) +m2µ) +
f22
(mN +mY )2
((2~k · ~k′ −m2µ)(2~k · ~k′ + (mN −mY )(Eµ − Eν¯µ )−m2µ))+
g21(2
~k · ~k′ + (mN +mY )(Eµ − Eν¯µ )−m2µ)+
f1f2
mN +mY
(−2(2~k · ~k′(mY + Eµ − Eν¯µ ) +mN (Eµ − Eν¯µ )2+
m2µ(−(mY + Eµ − Eν¯µ ))))+
f1g1(2mY (Eµ + Eν¯µ )) + f1g3(m
2
µ(−mN +mY + Eµ − Eν¯µ ))+
f2g1
mN +mY
(−4~k · ~k′(Eµ + Eν¯µ ) +mN (m2µ − 2E2µ + 2E2ν¯µ ) +m2µ(mY + Eµ + 3Eν¯µ ))+
f2g3
mN +mY
(m2µ(−2~k · ~k′ − (mN −mY )(Eµ − Eν¯µ ) +m2µ)), (43)
21
B(Q2, Eν¯µ ) = f21 ((Eµ + Eν¯µ )(2~k · ~k′ +mY (mY −mN )) +m2µ(mY − 2Eν¯µ )) +
f22
(mN +mY )2
(4(~k · ~k′)2(Eµ + Eν¯µ ) + 2~k · ~k′((Eµ + Eν¯µ )(mN (mY + 2Eµ − 2Eν¯µ )+
m2Y )−m2µ(mY + Eµ + 3Eν¯µ )) +m2µ(−mN(mY (Eµ + Eν¯µ ) + 4Eν¯µ (Eµ − Eν¯µ ))+
m2µ(mY + 2Eν¯µ ) +m
2
Y (Eµ − 3Eν¯µ )))+
g21((Eµ + Eν¯µ )(2
~k · ~k′ +mY (mN +mY ))−m2µ(mY + 2Eν¯µ ))+
f1f2
mN +mY
(2(mN (Eµ + Eν¯µ )(2
~k · ~k′ +mY (Eν¯µ − Eµ)) +m2µ(mY (mY + Eµ)−
Eν¯µ (2mN +mY ))))+
f1g1(2Eµ(2~k · ~k′ +m2Y )− 2Eν¯µ (2~k · ~k′ + 4mNEµ − 2m2µ +m2Y ))+
f1g3(m
2
µ(2
~k · ~k′ −mN (mY + 2Eν¯µ ) +mY (mY + Eµ − Eν¯µ )))+
f2g1
mN +mY
(−8(~k · ~k′)2 + ~k · ~k′(6m2µ − 4(mNEµ −mNEν¯µ +m2Y ))
+mN (m
2
µ(mY − 2Eν¯µ )− 2mY (Eµ + Eν¯µ )2) +m2µmY (mY + Eµ + 3Eν¯µ ))+
f2g3
mN +mY
(m2µ((Eµ + Eν¯µ )(2
~k · ~k′ +mY (mY −mN )) +m2µ(mY − 2Eν¯µ ))). (44)
α(Q2, ~p) =
64
mY
[
f21
(
k · k′k · p−mNmY
(
k · k′ + k′ · p−m2µ
)
+ k · k′k′ · p− k · pm2µ + k′ · pm2Y
)
+
f22
(mN +mY )2
(
2k · k′2(k · p+ k′ · p+mNmY )− k · k′
(
2k · p2 + 3k · pm2µ − 2k · pm2Y − 2k′ · p2
−2k′ · pmNmY + k′ · pm2µ + 3mNm2µmY
)
+m2µ
(
2k · p2 + k · p (−2k′ · p+m2µ − 2m2Y )
+mY
(−k′ · pmN + k′ · pmY +mNm2µ)))
g21
(
k · k′(k · p+ k′ · p+mNmY )− k · pm2µ +mY
(
k′ · p(mN +mY )−mNm2µ
))
f1f2
mN +mY
(
2
(
k · k′mN(k · p+ k′ · p) +mY (k · p− k′ · p)
(
k · k′ + k′ · p−m2µ
)
+mNm
2
Y
(
m2µ − k · k′
)− k · pmNm2µ))
+ f1g1
(
2
(
k · k′(k′ · p− k · p) + k · p (m2µ − 2k′ · p)+ k′ · pm2Y ))
+ f1g3
(
m2µ(k · k′mN − k · p(mN +mY ) +mY (k′ · p+mNmY −mN ))
)
f2g1
mN +mY
(
−4k · k′2mN + k · k′
(
mN
(
2k · p− 2k′ · p+ 3m2µ
)− 2mY (k · p+ k′ · p)− 2mNm2Y )
−m2µ(k · p(mN − 3mY )−mY (k′ · p+mNmY +mN ))− 2k′ · pmY (k · p+ k′ · p)
)
+
f2g3
mN +mY
(
m2µ
(
k · k′k · p−mNmY
(
k · k′ + k′ · p−m2µ
)
+ k · k′k′ · p− k · pm2µ + k′ · pm2Y
))]
(45)
22
β(Q2, ~p) =
64
mY
[
f21
(
k · p (mY (mN −mY ) +m2µ)− k · k′(k · p+ k′ · p+mNmY ))
f22
(mN +mY )2
(
−2k · k′2(k · p+ k′ · p−mNmY ) + k · k′
(
2k · p2 −mNmY
(
2k · p+m2µ
)
+3k · pm2µ − 2k′ · p2 + k′ · pm2µ − 2k′ · pm2Y
)
+ k · pm2µ
(−2k · p+ 2k′ · p+mY (mN +mY )−m2µ)
)
g21
(
k · p (m2µ −mY (mN +mY ))− k · k′(k · p+ k′ · p−mNmY ))
f1f2
mN +mY
(−2 (k · k′mN(k · p+ k′ · p)−mY (k · k′ − k · p)(k · p− k′ · p) + k · k′mNm2Y − k · pmNm2µ))
f1g1
(
2
(
k · k′(k · p− k′ · p) + k · p (2k′ · p−m2µ +m2Y )))
f1g3
(
mNm
2
µ(k · p− k · k′)
)
f2g1
mN +mY
(
mN
(
4k · k′2 + k · k′ (−2k · p+ 2k′ · p− 3m2µ)+ k · pm2µ
)
−2 mY (k · k′ − k · p)(k · p+ k′ · p) + 2k · k′mNm2Y
)
f2g3
mN +mY
(
m2µ
(
k · p (mY (mN −mY ) +m2µ)− k · k′(k · p+ k′ · p+mNmY )))
]
(46)
η(Q2, ~p) =
64
mY
[
f21
(
k · k′(k · p+ k′ · p)− k · pm2µ
)
f22
(mN +mY )2
((
2(k · k′ − k · p+ k′ · p)−m2µ
) (
k · k′(k · p+ k′ · p)− k · pm2µ
))
g21
(
k · k′(k · p+ k′ · p)− k · pm2µ
)
f1f2
mN +mY
(
2mN
(
k · k′(k · p+ k′ · p)− k · pm2µ
))
f1g1
(
2k · k′(k′ · p− k · p) + 2k · p (m2µ − 2k′ · p))
f1g3
(
m2µ(k · k′ − k · p)(mN −mY )
)
f2g1
mN +mY
(
−4k · k′2mN + k · k′ (2k · pmN − 2k′ · pmN
+ m2µ(3mN +mY )
)− k · pm2µ(mN +mY ))
f2g3
mN +mY
(
k · k′m2µ(k · p+ k′ · p)− k · pm4µ
)]
(47)
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